Cold seep habitats with authigenic carbonates and associated chemosynthetic communities in glacially influenced terrains constitute an important part of the benthic ecosystems, but they are difficult to detect in large-scale seabed surveys. The areas they occupy are normally small, and survey platforms and sensors allowing high-resolution spatial characterization are necessary. We have developed a cold seep habitat mapping strategy that involves both ship and autonomous underwater vehicle (AUV) as platforms for multibeam echosounder, synthetic aperture sonar (SAS) and a digital photo system. Water column data from the shipborne multibeam echosounder data are initially used to detect gas flares resulting from fluid flow from the seabed. The next phase involves mapping of flare areas by SAS, mounted on an AUV. This yields an acoustic image with a resolution up to 2 cm over a swath of c. 350 m, allowing detection of seep-related features on the seabed. The last phase involves digital photographing of the seabed, with the AUV moving close to the seabed, allowing recognition of bubble streams, seeprelated features and giving a first order documentation of the fauna. The strategy was applied to a 3775 km 2 large area on the continental shelf, northern Norway. This is a passive continental margin, with thick deposits of oil-and gas-bearing sedimentary rocks. Extensive faulting and tilting of layers provide potential conduits for fluid flow. The seabed is glacially influenced with a highly variable backscatter reflectivity. More than 200 gas flares have been identified, and a similar number of cold seep habitats have been characterized in high spatial detail. Two case studies are shown. In the first area, there is a close spatial relation between active gas seepage and carbonate crust fields. The second case study shows that carbonate crust fields are not necessarily spatially associated with currently active seeps, but represent dormant or formerly active gas expulsion. An important finding is that the bathymetric resolution of shipborne multibeam echosounders will often be too low to detect cold seep habitats. This means that a nested multi-resolution approach involving a multitude of platforms and sensors is required to provide the full picture.
Cold seep habitats with authigenic carbonates and associated chemosynthetic communities in glacially influenced terrains constitute an important part of the benthic ecosystems, but they are difficult to detect in large-scale seabed surveys. The areas they occupy are normally small, and survey platforms and sensors allowing high-resolution spatial characterization are necessary. We have developed a cold seep habitat mapping strategy that involves both ship and autonomous underwater vehicle (AUV) as platforms for multibeam echosounder, synthetic aperture sonar (SAS) and a digital photo system. Water column data from the shipborne multibeam echosounder data are initially used to detect gas flares resulting from fluid flow from the seabed. The next phase involves mapping of flare areas by SAS, mounted on an AUV. This yields an acoustic image with a resolution up to 2 cm over a swath of c. 350 m, allowing detection of seep-related features on the seabed. The last phase involves digital photographing of the seabed, with the AUV moving close to the seabed, allowing recognition of bubble streams, seeprelated features and giving a first order documentation of the fauna. The strategy was applied to a 3775 km 2 large area on the continental shelf, northern Norway. This is a passive continental margin, with thick deposits of oil-and gas-bearing sedimentary rocks. Extensive faulting and tilting of layers provide potential conduits for fluid flow. The seabed is glacially influenced with a highly variable backscatter reflectivity. More than 200 gas flares have been identified, and a similar number of cold seep habitats have been characterized in high spatial detail. Two case studies are shown. In the first area, there is a close spatial relation between active gas seepage and carbonate crust fields. The second case study shows that carbonate crust fields are not necessarily spatially associated with currently active seeps, but represent dormant or formerly active gas
INTRODUCTION
Cold seeps are found ubiquitously at oceanic margins and are characterized by the transport of fluids including dissolved compounds to the ocean through sediments (Campbell, 2006; Hovland, 2007; Suess, 2014) . The compounds provide the bioactive reductants sulfide, methane and hydrogen, sustaining ecosystems (Suess, 2014) . The surficial expression of cold seeps at the seafloor varies considerably, reflecting differences in mechanisms generating the fluids, the fluid migration pathways, and sedimentary and hydrodynamic conditions at the seafloor (Naudts et al., 2006; Klaucke et al., 2008 Klaucke et al., , 2010 . Cold seeps are commonly associated with areas with subseafloor hydrocarbon reservoirs (Hovland et al., 1993; Milkov and Sassen, 2003) . Numerous cold seeps occur on the Norwegian continental shelf (Bünz et al., 2012; Crémière et al., 2016; Andreassen et al., 2017; Chand et al., 2017; Panieri et al., 2017) . Pockmarks, mud diapirs, bacterial mats and methanederived carbonates are commonly associated with cold seeps (Hovland and Judd, 1988) . Pockmark formation depends on the fluid flow to be sufficiently strong through a sufficiently fine-grained sediment (Cathles et al., 2010) . Precipitation of methane-derived authigenic carbonates is caused by elevated carbonate alkalinity due to anaerobic oxidation of methane (Aloisi et al., 2002; Naehr et al., 2007) . The authigenic carbonates form at or near the surface (Greinert et al., 2001) , and are exposed due to subsequent erosion. They may form three-dimensional rock structures, creating a unique habitat (Levin et al., 2015) .
Acoustic characteristics of cold seeps and methods for mapping have been described by e.g., Orange et al., 2002; Johnson et al., 2003; Naudts et al., 2008; Wagner et al., 2013; Mitchell et al., 2018, and Paull et al., 2015 . These studies are from non-glaciated areas where relatively fine-grained sediments with low backscatter reflectivity surround seep-related features with either high backscatter reflectivity or topographically rough seabed. This is in contrast to this study, where the seabed is characterized by highly variable backscatter reflectivity and rough topography.
Many studies rely upon surface-based single beam or multibeam bathymetry/backscatter in combination with sidescan sonars, and ROVs or video sleds for finding and studying cold seep habitats. In this paper, we want to demonstrate that the combination of shipborne bathymetry, backscatter and water column data, in combination with AUV-mounted very high resolution synthetic aperture sonar (SAS) data and optical sensors provide unprecedented possibilities to screen large areas, find objects of interest, and give a detailed characterization of cold seep habitats in an effective way.
GEOLOGICAL SETTING
The study area (northern part of Nordvestbanken, the Håkjerringdjupet glacial trough and the southern part of Fugløybanken - Figure 1) is located in the southwestern part of the Barents Sea (Eldholm et al., 1984) . Mesozoic and Cenozoic sedimentary rocks, hydrocarbon-bearing in some strata, accumulated in intracratonic basins, with deposition shifting to the continental margin in the west following the early Eocene opening of the Norwegian Sea (Spencer et al., 1984) . The seafloor morphology of the Barents Sea is shaped by repeated glaciations since the late Pliocene and during the Pleistocene. The thickness of the ice sheet has been modeled to be 750-1000 m during the Last Glacial Maximum (Siegert et al., 2001 ). The ice sheet retreated from the region c. 18,000-20,000 years ago. The ice sheets have extended beyond the shelf edge in the south western Barents Sea several times (Vorren et al., 1991; Laberg et al., 2010 Laberg et al., , 2012 and formed many erosional channels.
The Håkjerringdjupet trough is one of these large channels (Figure 1) . The trough is c. 100 km long, 20-40 km wide, average depth is c. 300 m and the deepest part is c. 410 m. The trough is located between two major banks -the Nordvestbanken bank in the south, and the Fugløybanken bank in the northwest. Extensive glacitectonism occurred during glacial advances in the Håkjerringdjupet trough (Winsborrow et al., 2016) .
Jurassic to Eocene sedimentary rocks subcrop under the Quaternary deposits in the central parts of the trough, while Precambrian basement rocks, and Paleozoic to Triassic sedimentary rocks subcrop in the eastern, innermost parts, and Pliocene sedimentary rocks subcrop in the western, outermost parts (Sigmond, 1992) . Oil and gas reservoirs have been found in these sequences north of this area. The Troms-Finnmark Fault Complex crosses the area, separating the structural domains of Harstad Basin in the west and the Finnmark Platform in the east. The fault systems in combination with dipping sedimentary strata provide conduits for gas leaking from underlying gas bearing sedimentary rocks (Crémière et al., 2018) . Gas flares fueled from these conduits are abundant. Dating of methane-derived carbonate crusts associated with these flares shows ages between 13.8 ± 0.8 and 0.99 ± 0.3 kyr, with an apparent clustering between 7 and 13 kyr (Crémière et al., 2018) . These ages are consistent with the model proposed by Crémière et al. (2016) , where crust formation is associated with gradual dissociation of 
MATERIALS AND METHODS
This study benefited from data sets collected by the MAREANO programme 1 in 2010 and data sets collected in a cooperation project between Lundin Norway, the Geological Survey of Norway, and the Norwegian Defence Research Establishment during two cruises in 2013 and 2014 (Chand et al., 2015) . Ships, an AUV and a remotely operated vehicle (ROV) were used as platforms for a variety of acoustic, optical and chemical sensors in different cruises. The results from the ROV investigations have been reported by Crémière et al. (2018) .
The majority of the shipborne multibeam echosounder data (bathymetry, backscatter, water column) were collected by the MAREANO programme (see text footnote 1), while smaller data sets were collected later by the Norwegian Defence Research Establishment. Prior to the acquisition of the MAREANO dataset (performed by the company FOSAE) a patch test was performed which fulfilled the technical specifications of the Norwegian Hydrographic Service (responsible within the MAREANO programme for bathymetry, backscatter, water column and sub bottom profiler data acquisition). Sound velocity profiles were 1 www.mareano.no taken regularly. As an example, 85 SVPs were collected from one of the survey areas, where a total of 323 line segments were collected to cover 567 km 2 . No backscatter calibration was performed. During all surveys the Kongsberg Maritime EM710 multibeam echosounder was used. This echosounder has an operating frequency of 70-100 kHz. The bathymetry data was processed to a grid size of 2 m, and the backscatter data was processed to a grid size of 0.9 m. Water column data was processed using Fledermaus Midwater software. Available echosounder data with water column registrations are shown in Figure 1 , covering an area of 3775 km 2 .
Additional data sets were collected with the HUGIN HUS AUV, produced by Kongsberg Maritime 2 . The deployed one-of-a-kind experimental research AUV was equipped with non-standard sensors and has the possibility to change the angle of the HiSAS 1030 RX array (see below for description of the HiSAS 1030). The AUV is 5.6 m long, with a diameter of 0.75 m, a dry weight of 1000 kg and can operate down to 3000 m water depth. The AUV is normally launched from the stern of the ship (Figure 2) , where it is stored and maintained in a dedicated container. It is equipped with inertial navigation and HiPap positioning (an USBL system from Kongsberg Maritime) from the mothership. The HUGIN AUV was equipped with the following payloads:
(1) An EdgeTech 2200 high resolution 2-12 kHz chirp subbottom profiler (SBP), (2) high-resolution interferometric SAS (HiSAS 1030), (3) Methane Sniffer, (4) Temperature, turbidity and salinity sensors, (5) B&W digital photo camera.
The HISAS 1030 is a high resolution interferometric SAS system capable of providing very high-resolution imagery and detailed micro-bathymetry of the seabed. The sensor is a wideband SAS sonar with frequency range of 70-100 kHz with 30 kHz bandwidth. The system has a range-independent resolution of approximately 3 × 3 cm out to a distance of 200 m from both sides of the AUV at a speed of 2 m/s (see text footnote 2). The flight height was typically 40 ± 10 m. The SAS data were processed onboard using the Kongsberg FOCUS software, with a grid size of 20 cm for the bathymetry, and 5 cm for the imagery. For an overview of principles and processing steps for the SAS data, please see Ødegård et al. (2018) , who used the same equipment for archeological investigations in the North Sea. Onboard processed high-resolution mosaics in geotiff format were available for inspection in the Kongsberg Reflection and/or ESRI ArcMap softwares within 10 h of HUGIN recovery. Micro-bathymetry data from Area 1 was available after 24 h.
The TFish B&W camera provided very high resolution images (pixel size 6-8 mm) and photo mosaics (pixel size 10 mm) of the seafloor. The flight height for the AUV was typically 5-7 m, with photos taken every second. The TFish images were available co-registered with the SAS data within hours through the Reflection software system on-board HU Sverdrup. A georeferenced photomosaic was also available.
RESULTS
Interpretation of the water column data from a total of 3775 km 2 resulted in identification of 210 gas flares (Chand et al., 2017; Crémière et al., 2018) . Figure 3A shows a subsection of this area, with 103 flare observations in an area of 370 km 2 . In some of the locations, there are several gas flares grouped together as a cluster, so the number of 210 is a minimum estimate. The distinction between single gas flares and gas flare clusters is based on the distance between individual flares. If gas flares occur within a distance of c. 30 m or less of each other, they are considered to form a cluster ( Figure 3B) . The average density is about 55 gas flares pr. 1.000 km 2 , but the distribution is uneven, and groups of gas flares and/or gas flare clusters are commonly found ( Figure 3A) . Some of the flare groups tend to be aligned with Selection of areas for surveying the seabed with SAS was guided by the distribution of the gas flares. An example of this is shown in Figure 3A , where four sites with a total area of 20.2 km 2 were surveyed. Data were also collected from the connection lines, giving an additional 9.2 km 2 sonar coverage. The following description focusses on Area 1 and Area 2, highlighting different aspects of how authigenic carbonate cold seep habitats occur.
Area 1 -Carbonate Crust Fields Associated With Numerous Gas Flares
Area 1 is located north of the Håkjerringdjupet trough ( Figure 3A) at a water depth c. 230 m. The shipborne bathymetry data from Area 1 and the surrounding area shows an irregular seabed, with numerous iceberg ploughmarks. The ploughmarks are up to 100 m wide, and at least 3 km long. Numerous semi-circular to elongated depressions up to 200 m long and 10 m deep occur. These were probably formed when icebergs tipped over and indented the seabed . The backscatter data from the multibeam echosounder show highly variable reflectivity, with low reflectivity in the bottom of the iceberg ploughmarks, and the highest reflectivity associated with the berms of the ploughmarks. The overall reflectivity in the area is medium to high, indicating the presence of coarse seabed sediments. This is in line with the interpretation of Bellec et al. (2012) who mapped this area as "gravelly sand."
Step one in the search for cold seep habitats associated with authigenic carbonate crust pavements was to analyze the water FIGURE 6 | Bathymetric profile across the eastern carbonate crust field in subsection of Area 1 (profile line x-y is shown in Figure 4C ). Vertical exaggeration: 10×. column data, showing that there were eight gas flares, grouped in two clusters which were c. 130 m apart.
Step two involved inspection of the shipborne bathymetry data and backscatter data. No anomalies could be detected in the bathymetry or backscatter data (Figures 4A,B) .
Step three involved collection and inspection of SAS data with the HUGIN HUS AUV. The SAS micro-bathymetry revealed two areas with irregular relief (Figure 5) , where the easternmost area overlaps with the cluster of three flares ( Figure 4C) . The size of the area was c. 25 m × 50 m. Close inspection of the micro-bathymetry shows that the carbonate field is located in a depression which is up to 40 cm deep, and forms a broad, irregular pockmark (Figure 6) . Integration of the micro-bathymetry and the imagery data shows that the irregular relief is caused by uneven flat-lying slabs, being up to 2 m in diameter and with a local relief in the order of 10-20 cm. The western (left) crust field also forms a broad pockmark (depression), and has several small pockmarks within it, forming a composite pockmark (Figure 5) . Small circular to slightly elongated pockmarks (less than 5 m wide, and less than 1 m deep) are found in the low-reflectivity soft sediments filling in an iceberg ploughmark (Figure 5, right) .
Linear depressions which are more than 150 m long, up to 1 m wide and 15 cm deep can be observed, and are attributed to trawl marks ( Figure 4C) . Some of the trawl marks are only 2-3 cm deep, but can still be visualized using shaded relief techniques.
The SAS imagery ( Figure 4D) shows the authigenic carbonate crust field and the trawl marks, but with a considerably sharper appearance. Individual blocks with a diameter down to 20-30 cm can be observed. An area of low reflectivity can be seen in the right part of the panel, considered to be fine-grained sediments having accumulated in an iceberg ploughmark.
The final stage involved collection of black and white photos using the TFish system, and a mosaic of all photos is shown in Figure 4E . The photos (e.g., Figure 4F ) allowed identification of seabed sediments, authigenic carbonate crusts, gas bubbles and fauna (fish, benthic/sessile macrofauna, i.e., sea anemones etc.). Bacteria mats encrusting rocks, and pipe-shaped stones likely representing past fluid flow conduits that have been filled and lithified by authigenic carbonates (Campbell, 2006) were observed in a several places (Figure 7) .
Area 2 -Carbonate Crust Fields With Nearly No Gas Flares
Area 2 is located north of the Håkjerringdjupet trough (Figure 3) at water depths between 245 and 305 m. The shipborne bathymetry data from Area 2 and the surrounding area shows an irregular seabed, with numerous iceberg ploughmarks. The ploughmarks are up to 150 m wide, and at least 4 km long. As in Area 1, numerous semi-circular to elongated depressions, up to 200 m long, and 10 m deep were found. These were probably formed when icebergs tipped over and indented the seabed. The backscatter data show highly variable reflectivity, with low reflectivity in the bottom of the iceberg ploughmarks, and the highest reflectivity associated with the berms of the ploughmarks. The overall reflectivity in the area is medium to high, except for an area in the central part, where the reflectivity is low (Figure 8A ). According to Bellec et al. (2012) , the areas with high reflectivity are dominated by sandy gravel to gravelly sand, while the low reflectivity area is dominated by muddy sand and sandy mud.
Only one gas flare was observed in Area 2, while in excess of 100 carbonate crust fields are identified from the SAS imagery ( Figure 8A ). These fields occur along a WSW-ENE belt which is nearly 3 km long, and up to 500 m wide. The appearance of the carbonate crust fields varies according to the seabed sediments surrounding them. In some places, the carbonate crust fields are developed where soft (muddy) sediments with low reflectivity overlie coarser sediments with high reflectivity, thus forming broad, irregular pockmarks ( Figure 8C) . Smaller pockmarks developed in hard, high-reflectivity sediments are present. In such places, characteristic sub-circular to irregular high reflectivity zones up to 50-100 m in diameter occur around the carbonate crusts (Figures 8B,C) . Soft sediment pockmarks up to 10 m in diameter are commonly found in the soft, lowreflectivity sediments surrounding the carbonate crust fields ( Figure 8C) . Photos of the seabed (Figure 8D ) verify that the interpretation of the occurrence of carbonate crusts is correct.
In areas where the substrate is more coarse-grained and the reflectivity is higher, there is little or no acoustic contrast between areas with crusts, and areas without crusts. This is e.g., the case in the northern part of Area 2 (Figure 8A) .
The photos from the TFish system reveal that there is locally a high abundance of fish in association with carbonate crusts. Particularly ling cod was abundant, with sizes up to 1.4 m (Figure 9) . A number of deep-sea corals were observed, possibly Paragorgia. Sponges and sea anemones were abundant, while no bacteria mats could be identified with certainty. Nor were gas bubbles observed.
DISCUSSION
Cold seeps may form distinct geomorphic features on the seabed, and may modify their physical environment by supporting chemosynthetic communities, forming methanederived authigenic carbonate crusts and displacing sediment due to fluid expulsion (Fisher et al., 2007; León et al., 2007; Paull et al., 2015) .
The cold seeps are often associated with a distinctive, anomalous backscatter 'fingerprint' on multibeam echosounder data (Johnson et al., 2003) , with medium to high backscatter areas often coinciding with pockmarks (Naudts et al., 2008) . Similar patterns were recognized by Mitchell et al., 2018 , noting that seafloor seeps often appear as anomalous bright red "bloodspots" surrounded by relatively lower backscatter. This "classic" kind of signature is often explained by the occurrence of hard carbonate crusts and/or chemosynthetic fauna, surrounded by fine-grained seafloor sediments (Orange et al., 2002) .
This "classic" acoustic signature is not fully representative for the cold seeps reported in this study. In both Area 1 and 2, we noted that the seeps did not make up geomorphic features that could be detected using shipborne multibeam echosounders. Nor was it possible to observe the bright spots commonly observed in deeper waters with muddy sediments. This can be explained by the higher backscatter variation commonly found in areas where the seabed has been sculptured by glacial processes, and partly covered by hemipelagic sediments in post-glacial times.
Pockmarks are abundant in both areas. Relatively small pockmarks, less than 10 m wide, are found in low-reflectivity soft sediments. This kind of pockmark is commonly found in the Barents Sea . Pockmarks developed in hard, high-reflectivity sediments are far less common. We observe them in conjunction with the carbonate crust fields, forming broad irregular depressions, with smaller pockmarks inside them. These composite pockmarks are interpreted to indicate substantial gas expulsion.
Micro-bathymetry from Area 1 indicates that substantial volumes of sediments have been removed since the formation of the crusts. The SAS imagery shows a 0-20 m wide zone of higher reflectivity around the carbonate crusts. We interpret this to indicate that diffuse flow occurred and removed the more fine-grained part of the sediment, increasing the reflectivity of the sediment. Alternatively, it could be due to cementation of the sediment caused by a diffuse flow which was not sufficiently strong to produce discrete carbonate crusts. The occurrence of pipe-shaped stones in the crust field, interpreted to represent mineralized fluid conduits in the uppermost plumbing system (e.g., Campbell, 2006; Zwicker et al., 2015) , indicates a focused fluid flow regime.
In Area 2, we observe two acoustic signatures associated with the carbonate crusts. In the first case, carbonate crusts are found in the central parts of pockmarks surrounded by subcircular to irregular high reflectivity zones, with a sharp or gradual transition to surrounding fine-grained low reflectivity sediments. In this case no crusts have been observed in this high-reflectivity zone outside the central parts, and the reflectivity is equivalent to or slightly higher than the coarsegrained sediments not associated with carbonate crusts. We interpret this mainly to be a result of focused fluid flow in the central parts, and diffuse fluid flow in the remaining part, removing a thin layer of fine-grained low reflectivity sediments. Removal of finer sediment particles and/or cementation as in Area 1 may also have contributed to this signature. The second case is found in the northern parts of Area 2 where there are little or no fine-grained sediments. There is hardly any contrast with respect to reflectivity between the crusts and the surrounding sediments. Since the crusts and the surrounding sediments have nearly the same reflectivity, backscatter cannot be used as a guide for locating the carbonate crusts.
Whitish mats of putative sulfide oxidizing bacteria are frequently observed on the TFish photos from Area 1, indicating that seepage is a continuous or at least semi-continuous process. Furthermore, four gas flares were detected overlapping or in close vicinity of the small carbonate crust field. In contrast, only one gas flare was detected in Area 2 where over 100 carbonate crust fields in a comparable size are found. This can be result of diurnal seepage variations since the area was surveyed only once. However, no bacteria mats were observed in the TFish photos from Area 2, suggesting that seepage has largely ceased in this area.
Seabed with high rugosity and hard grounds associated with cold seeps is known to influence the habitat suitability for sessile fauna (Wilson et al., 2007; Barrie et al., 2011; Levin et al., 2015) . Abundant ling cod, anemones, sponges and deep-sea corals are found in both areas. We have not done a systematic recording of the fauna within and outside the crust fields. However, our impression is that the abundance is significantly higher within the crust fields. Furthermore, we do not observe any obvious difference in terms of fauna abundance between Area 1 and 2 except for the bacteria mats present in Area 1, and absent in Area 2. This indicates that the 3D hard ground structure provided by the carbonate crusts plays an important role as habitat, and has an important ecological function, regardless of the fluid flow.
CONCLUSION
A nested approach for detecting and describing cold seep habitats associated with authigenic carbonate crusts has been successfully applied in the Håkjerringdjupet region on the continental shelf in the southwestern part of the Barents Sea. More than 210 gas flares from an area of 3775 km 2 were identified from analysis of water column data using a shipborne multibeam echosounder. Application of the HiSAS 1030 SAS mounted on a HUGIN AUV yielded imagery and micro-bathymetry data sets which allowed detection of carbonate crust fields based on expert pattern recognition. The presence of carbonate crust was verified by TFish photos from selected locations.
The study demonstrates that cold seep habitats with carbonate crusts may be associated with active gas flares as in Area 1, or may represent extinct or dormant gas seepage fields as in Area 2.
In both cases, the main phase of crust formation likely took place shortly after the last deglaciation.
The "classic" acoustic signature of cold seeps reported from many previous studies is not fully representative for the cold seeps considered here. It is evident that the nature of the sediments hosting the carbonate crusts have a strong influence on the acoustic signature. In regions where the seabed has been formed by a complex interplay between glacial processes and hemipelagic sedimentation, the resulting seabed will often have a highly variable backscatter intensity and irregular morphology. In such areas, it is necessary to combine shipborne water column data with very high-resolution sensors on autonomous or remotely operated vehicles to detect and to provide a spatial documentation of cold seep carbonate crust habitats.
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